A single-mode GaAlAs diode laser with over 90% output-coupling power and a large frequency-scanning range is reported. Based on grating feedback in the Littrow configuration, it is demonstrated that, with weak feedback 11.5 3 10 23 in this experiment2, over a 7.5-GHz continuous tuning range can be achieved around tuning gaps of free-running operation. A frequency self-locking effect is also demonstrated in this system.
Introduction
In recent years, diode lasers have been widely used because of their flexible tunability, reliability, and simple operation. With the successful improvements in the spectral properties of these lasers, such as linewidth narrowing 1sub-megahertz2 and a large continuous tuning range 1up to a few nanometers2 without mode hopping, diode lasers are used as tunable coherent sources in many fields, including atomic spectroscopy 1 and quantum optics. 2 Several high-power laser systems are even injection locked in frequency with diode lasers as seeding sources. 3, 4 However, it is a well-known fact that the wavelength of a free-running diode laser usually cannot be tuned continuously over its whole gain range above the lasing threshold because of the existence of discontinuities 1or gaps2 in the wavelength-tuning curve over temperature and injection current. In many cases, a desirable wavelength is not achievable with simple adjustments of temperature and current in the free-running condition. In order to get a desired wavelength that lies in one of those gaps, several different techniques are developed by the use of optical feedback from a diffraction grating, 5 an external reflector, 6 a thin étalon plate, 7 a confocal Fabry-Perot 1CFP2 cavity, 8 and so on. Among these methods, the grating feedback and the CFP cavity feedback are the most common ways for obtaining a large tuning range. The dispersive feedback from a CFP cavity forces the frequency of the diode laser to be locked to the cavity-resonance frequency, and such a frequency-stabilized laser output with a narrow linewidth 1a few tens of kilohertz2 can be achieved with weak feedback of as low as 10 22 to 10 25 . However, this method is very sensitive to the returning phase of the feedback beam. When the output wavelength is tuned by changing the resonant frequency of the CFP cavity, servo electronics is needed to control the distance between the diode laser and the CFP cavity synchronously, and the injection current for the diode laser has to be modulated with a rf frequency to get the error signal. 9 Grating feedback is another effective but relatively simple method to achieve a large frequency-tuning range 1although with less improvement over the laser linewidth, simply for the reason that the dispersive FWHM of a common grating is usually 3 orders of magnitude larger than that of a normal CFP resonator 10 2 and no servo electronics is needed. However, a conventional wisdom is that a relatively large amount of feedback intensity 1typically more than 25%2 is required to achieve a scanning range of a few gigahertz. 11 This will obviously introduce a big loss in the output power of the diode-laser system. For many applications of diode lasers, one needs not only a large scanning range, but also as much usable output power as possible.
In this paper, a system of a single-mode GaAlAs diode laser with a high output-coupling power and a large frequency-scanning range without mode hop-ping is reported based on weak grating feedback. At least 90% output-coupling power with over 7.5 GHz continuous frequency-scanning range within the tuning gaps near 780 nm 1free running2 is demonstrated with as low as 1.5 3 10 23 grating-feedback intensity. A relation between the scanning range and the feedback intensity in weak-feedback cases 10.0015 to 0.092 is determined by the use of measurements. An improvement over the laser linewidth obtained with weak grating feedback is demonstrated and measured with an optical heterodyne method. In this experiment, a frequency selflocking effect is also demonstrated to be the fundamental mechanism for continuous frequency scanning.
Experiment
The experimental setup is shown in Fig. 1 . The diode laser is a Sharp LT024PD0 GaAlAs laser with a threshold current of 45.5 mA. A maximum output power of approximately 30 mW can be obtained with a 75.8-mA injection current at a peak wavelength around 779 nm. In order to improve the feedback efficiency and to reduce the unwanted feedback, the protective glass plate on top of the diode cap is removed. A collimator lens for a laser diode 1Thor-labs item #C230TM-B, with an effective focal length of 4.5 mm and multilayer antireflection coatings around 780 nm on both sides2 is used to collimate the output laser beam. We use a diffraction grating 11800 grooves@mm2 to provide the dispersive feedback in the Littrow configuration. Unlike the usual arrangement in which the Littrow method is used for a diode laser, where the grating serves as an output coupler, 1 we introduce a beam splitter with large transmission in front of the diode laser. A small percentage of the diode output is intercepted by the splitter and deflected onto the ruled surface of the grating to produce a diffraction beam back to the laser as weak feedback. The back surface of the diode laser is high reflection coated, and the front facet 1output coupler2 is uncoated and is partially reflecting 1approximately 30%2 because of a sharp change in the refractive index at the diode-air interface. The grating is mounted on a specially designed piezo scanner that is fixed on a fine mirror mount. For mechanical stability, the diode laser, beam splitter, and scanning grating are all mounted on a thick baseplate. Meanwhile, to verify our measurements further, a small part of the diode output beam is sent to a scanning confocal étalon with a free spectral range 1FSR2 of 1.5 GHz to measure the frequency-scanning range.
When the laser is free running 1without grating feedback2, the lasing wavelength cannot be tuned to the desired wavelength of 780.02 nm 1because of the tuning gap2 to see the fluorescence of rubidium D 2 lines with adjustments of the diode-laser temperature and injection current. As the grating is introduced and tuned to the right Littrow angle, strong fluorescence lights 1D 2 lines2 in a rubidium atomic cell are observed when the temperature and current are also set to their correct values 122.85°C and 74.55 mA, respectively2. The diffraction efficiency into the first order of the grating is measured to be 68%. When the grating is scanned with the injection current following synchronously, the achievable scanning range is around 7.5-10 GHz, depending on the feedback intensity, or strength 1in the range of 1.5 3 10 23 to 9 3 10 22 2 and on the amplitude of the ramp wave applied to the grating piezoelectric transducer. Figure 2 shows a typical Doppler-broadened absorption spectrum of 85 Rb and 87 Rb atoms around D 2 lines when the lasing frequency is scanned with weak feedback 1approximately 1.5 3 10 23 2 and an optimal ramp voltage 1approximately 650 V2. The amplitude of the following injection current in this case is around 1.6 mA. It is shown that a scanning range of over 7.5 GHz is achieved.
In order to find the relation between the obtainable scanning range and the feedback strength, we measured the scanning ranges for different feedback rates in the weak-feedback region 1R 2 , R 1 , where R 2 is the effective reflection coefficient from the grating surface plus beam splitter to the laser output facet and R 1 is the effective reflection coefficient for the output facet of the diode2 by changing beam splitters with different reflection and transmission coefficients. For each beam splitter that we use, we measure the feedback strength 1defined as the ratio of the returning power over the output power of the laser diode2 by determining the reflectivity, transmission, and loss of the beam splitter and by recording the transmitted power 1diffracted beam from the grating2 after the beam splitter, as shown in Fig. 1 . An absorption spectrum around the D 2 lines 1similar to the spectrum in Fig. 22 is recorded for each case. The amplitude of the synchronous scanning current is optimized for each feedback strength by adjustment of the gain for injection-current scanning. With stronger feedback, a larger scanning amplitude of the current is needed. For feedback strengths from 1.5 3 10 23 to 9 3 10 22 , the scanning-current amplitude is found to be in a range from 1.2 to 1.6 mA. In this measurement, the ramp voltage is kept unchanged at a moderate value 1300 V2. In such a way, factors affecting the scanning range other than feedback are removed, and the scanning range 1i.e., continuous frequency scanning without mode hopping2 is measured. The relation between the scanning range and the feedback strength is presented in Fig. 3 . It is obvious that a larger scanning range can be obtained for stronger feedback in this system. This result is similar to the strong-feedback situation 1R 2 . R 1 2. However, a clear difference is that, in the weak-feedback case, the scanning range is, in fact, not very sensitive to the feedback strength compared with the strong-feedback system. 11 Our results show that, in the range of weak feedback used 11.5 3 10 23 to 9 3 10 22 2, the scanning range is only extended from 6.6 to 7.2 GHz 1note that, in this case, the applied ramp amplitude is a fixed value and is not optimized2. In the strong-feedback case, the grating-ruled surface serves as an effective cavity mirror. Any change in the feedback intensity will dramatically affect the effective Q value, and, especially, the mode structure of the laser. As a result, the scanning range will be very sensitive to the feedback strength. In our case, however, because weak feedback is only a perturbation factor, the change of feedback strength will not greatly affect the diode-laser frequency. The spectral properties of a diode laser that are due to strong feedback and weak feedback are based on different physical interpretations.
An improvement in the linewidth of the diodelaser output is also demonstrated in this experiment. We use the standard optical heterodyne technique to measure the linewidth of the diode laser with weak grating feedback. The output beams from two independent, but similar, laser systems are mixed together in space and sent into a fast p-i-n photodiode 1cutoff response frequency . 800 MHz2. The beatnote spectrum is then measured with a rf spectrum analyzer, as shown in Fig. 4 . The measured 3-dB linewidth 1FWHM2 of the laser system is around 1.9 6 0.2 MHz, which is less than half the freerunning FWHM 1approximately 5 MHz2.
Continuous Scanning of Lasing Frequency
In most laser diode systems with grating feedback, the distance between the front facet of the diode and the grating surface is usually much larger than the cavity length of the solitary diode. Consequently, the spectral structure of the composite cavity will mainly depend on the solitary laser cavity 1FSR diode 5 165 GHz for a 250-µm GaAlAs laser diode with a refractive index of 3.52, not on the external cavity. 7 As in the nondispersive feedback situation, the basic spectral structure is still determined by the solitary diode modes, but with numerous discrete close-spaced modes around each of them, with a separation Dn 3equal to the normal mode separation 1FSR2 of the external cavity with the front facet of the laser as one end and the grating surface as the Fig. 3 . Relation between scanning range and feedback strength. The solid curve is the polynomial-fitting curve for the experimental data. Here the applied voltage on the grating piezo is fixed to a moderate level of 300 V and with a frequency of 25 Hz. P 0 and P B represent the output power and the feedback power of the diode laser, respectively. other4. In our case, Dn > 2.5 GHz for a 6-cm distance. Therefore the actual mode structure of this composite cavity is nearly the same as that of a solitary diode cavity except that the sharp spectral lines become ''bands.'' The number of those side modes around one solitary mode, or the ''band'' width, depends on the feedback strength. 12 As the feedback intensity increases, the width of the ''band'' will become broader. It should be noted that, although the mode structure of the solitary laser is modified from the usual single-line structure to the ''band'' structure, the lasing mode is still the longitudinal mode of the solitary diode cavity with the maximum net gain. Meanwhile, this mode also needs to match one of the external cavity modes within the band, as discussed below.
In order to clearly identify the mechanism for the continuous frequency scanning in this system, we consider the diode cavity modes and the external cavity modes separately. Because of the dispersivefeedback-induced redistribution of the gain over the diode-cavity modes, one of the diode-cavity longitudinal modes 1which lies in a tuning gap at free-running operation2 will get the maximum net gain and become the lasing mode. This is the reason for the dispersive feedback to force the diode laser to operate on the modes in the tuning gaps. Generally, the FWHM of dispersion for a normal optical grating is quite broad compared with that of a CFP étalon. In our situation, the total number of grooves illuminated by the incident laser beam on the grating surface is approximately 2500, which yields a dispersive FWHM of around 33 GHz. 10 Compared with the FSR of the diode cavity, this width is still sharp enough for us to select a desired mode of the diode cavity with the grating feedback. However, we cannot achieve continuous frequency scanning by simply changing the grating angle, because the dispersion from the grating feedback can participate only through the cavity-mode structure. Because the diode-cavity length cannot be changed, the cavitymode structure is fixed, as shown in Fig. 5 1I2. We assume that the nth diode mode gets lasing when the grating angle u is adjusted to be w 0 , and when u 5 w 1 , an adjacent mode 1the n 1 1th mode2 will achieve lasing. Then, when the angle is tuned to be at the middle of w 0 and w 1 , i.e., u 5 w8 < 1w 0 1 w 1 2@2, there will be no cavity mode at this position. Because the Fig. 4 . Beat-note spectrum of two similar independent diode lasers both with weak grating feedback. The spectrum analyzer 1SPAN2 is set to have a vertical sensitivity of 10 dB per division 1Div2 and 5 MHz in the horizontal axis. The resolution bandwidth 1RBW2 is 5 MHz, and a 30-kHz video filter 1VF2 is active. Fig. 5 . Mode structures and frequency self-locking. FSR diode and FSR ext are the free spectral ranges for the diode cavity and the external cavity, respectively. The wide vertical lines represent the diode-cavity modes and the thin lines the external cavity modes. I, mode structure of the diode cavity: w 0 and w 1 correspond to the nth and the n 1 1th modes. II, mode structure of the external cavity: u 21 . . . u 2 correspond to the m 2 1th . . . m 1 1th modes. When u 5 u 0 5 w 0 , the mth mode of the external cavity and the nth mode of the diode cavity are coincident. III, frequency self-locking: n 0 is the starting frequency when the scanning begins. When the external cavity length is changed, the cavity modes will shift to the new positions 1dashed vertical lines2. n T is the maximum value for frequency self-locking with a range D.
dispersion FWHM of the grating is much smaller than the FSR of the diode cavity, no cavity modes can achieve effective dispersive feedback at this position 1out of phase2. It turns out that in this case the feedback will have no effect on the lasing frequency. As a result, the laser will return to free-running operation. Therefore, only when the grating angle u takes certain discrete values, such as w 0 1correspond-ing to the nth mode2 and w 1 1the n 1 1th mode2 can a corresponding cavity mode lase. Consequently, one can only tune the lasing frequency discontinuously with a step of FSR of the diode cavity. This is actually not a frequency scanning but wavelength 1or mode2 selection provided by the dispersive grating. It seems that the effective angle tuning should be around one of the cavity mode, otherwise mode hopping will happen.
Then we consider the effects of the external modes on the lasing frequency. Similarly, angle tuning of the grating also provides a redistribution of dispersion over the external modes. Although the dispersion FWHM 133 GHz2 of the grating is not sharp enough 1:Dn < 2.5 MHz2 to select a single external mode with dominant dispersive feedback, there indeed exists an external mode with the maximum feedback strength. It is very clear that the lasing mode for the diode cavity must coincide with one of the external modes within the band to obtain efficient feedback strength 1in phase2. We correspondingly assume that when u 5 u 0 5 w 0 , the nth mode of the diode cavity achieves lasing and is coincident with the mth mode of the external cavity, as shown in Fig. 5 1II2. When u 5 u 1 , the m 1 1th mode will yield the maximum feedback 1in phase2, although the mth mode of the external cavity is not the dominant mode anymore. As a result the nth mode of the diode cavity 1the lasing mode2 and the m 1 1th mode of the external cavity will not match. At this point, the lasing mode will jump with a step of the FSR of the external cavity to match the dominant m 1 1th mode, or stay at the same mode. This evidently depends on the feedback strength. For the strongfeedback situation, the external cavity-mode structure is the predominant spectral structure for the whole system. In this case, the lasing frequency will jump. When the feedback is relatively weak, as in our case, the frequency will not change because the diode cavity provides the predominant mode structure.
From the above discussion, we conclude that in both the strong and the weak grating-feedback systems, one cannot get continuous frequency scanning if only the grating-surface angle is tilted. As found in our experiment, even without injection-current scanning, we can get a certain continuous scanning range when the grating angle is scanned. This obviously cannot be considered to be the contribution of a pure rotation of the grating surface, as we have discussed above. It has been demonstrated that the self-mode-locking effect is also true for a laser diode system with nondispersive mirror feedback, 13 where the lasing frequency is locked to one of the external cavity modes. That result can be used to explain our experiment very well. The nondispersive feedback system is similar to our grating-feedback system, only with the difference that the grating surface serves as a dispersive reflector. The mode structures 1or positions2 of the two systems are nearly the same for the same external cavity length, although the widths and heights of the external longitudinal modes may be different. Therefore the self-modelocking effect also should be true for our gratingfeedback system. Based on this argument, we can attribute continuous frequency scanning to the fact that when the grating angle is scanned, a slight change in the external cavity length may be introduced by a small displacement of the incident point of the laser beam on the ruled grating surface. Because of the continuous variation of the external cavity length, the normal modes of the external cavity will be shifted continuously away from their starting positions. Meanwhile, the lasing frequency will follow the external cavity mode that is coincident with the diode lasing mode initially. As demonstrated by this experiment, a continuous frequency-scanning range with the grating angle scanned in our system is measured to be of the same order as the self-locking range of the CFP weakfeedback diode-laser system 8 1a few hundred megahertz2 for the feedback strength in the range of 0.0015 to 0.09. Therefore we believe that continuous frequency scanning is caused primarily by the self-locking effect in this grating-feedback diodelaser system, and the so-called self-mode-locking effect as discussed for the CFP weak-feedback diodelaser system 8 also happens for this grating-feedback diode-laser system.
For the self-mode-locking effect in this system, we give a further discussion illustrated by Fig. 5 1III2 . When u is around w 0 , the nth mode of the diode cavity 1denoted by n2 achieves lasing and is coincident with the mth mode of the external cavity, with the lasing frequency n 0 . When the mth mode is shifted to another position 1with frequency n 1 2 as the external cavity length is changed, the lasing frequency will also be shifted to n 1 because of the self-locking effect. The locking range is from n 0 to n T 5 n 0 1 D. If n . n T , self-locking will break down, and the lasing frequency will experience a jump. As the feedback strength is increased, the self-locking range will be increased, as in the CFP feedback system. 14 This is clearly verified by our experimental results. In the strong-feedback case 1R 2 . R 1 2, the self-locking range will be much wider than that in a weak-feedback situation. As a result, a much larger tuning range is achievable, as demonstrated previously in other experiments. 11 Although an analysis of this system will be more complicated in the strong-feedback situation, we believe that the frequency self-locking effect is indeed the mechanism for the continuous frequency scanning.
In order to achieve a larger frequency-tuning range, the injection current needs to be scanned following the frequency scanning. With a suitable setting of the phase between the voltage ramp applied to the cylindrical piezoelectric transducer on the grating and the synchronous signal applied to the external modulation port of the current driver for the diode laser, a large tuning range can be achieved even with weak feedback. The scanning range is extended from a few hundred megahertz 1self-locking range2 without injection-current scanning following to over 7.5 GHz with injection-current scanning following, as shown in Fig. 3 . It is clear that the synchronous shifting of the gain profile induced by the current scanning is the main contribution for the actual scanning range. The physical explanation about this is that, when the gain profile is moved, the self-locking region will move together. Then the actual locking range is extended dramatically, from a few tenths of one FSR of the external cavity to a few FSR's.
Conclusions
In this experiment, a simple diode-laser system with a large useful output power 1.90% of the freerunning power of the diode laser2 and a large continuous scanning range 1over 7.5 GHz2 is achieved by the use of weak grating feedback based on the Littrow configuration. Linewidth improvement 1less than half the linewidth of the laser output in free-running operation2 is also demonstrated. The basic principles and differences between weak and strong grating-feedback schemes are discussed. We also find that the frequency self-locking effect is still true for the grating-feedback system and is the physical mechanism for the continuous frequency scanning in this system. We believe that these new results will be useful for applications requiring both large output power and a large scanning range. The advantages of this method over previously reported methods include high output-coupling power, a large frequency-scanning range, and, at the same time, no change in the output-beam direction as the frequency is scanned.
